INTRODUCTION
Cytokines found in mammals are of central importance in the regulation of many physiological events such as immunity, inflammation, tissue remodeling, and embryonic development.
They comprise a group of low molecular weight proteins that are produced by a variety of cell types and generally act in a paracrine or autocrine fashion. In insects, however, no cytokines have been identified until quite recently. The first family of cytokines identified in insects are now referred to as ENF peptides, which is based on their consensus aminoterminal sequence, Glu-Asn-Phe- (1) . Approximately 16 members now belong to the ENF family of peptides whose functions are diverse: insect growth regulator and cell mitogen (Growthblocking peptide (GBP))(2-6), paralysis inducer (Paralytic peptide (PP))(7) and blood cell stimulator (Plasmatocytespreading peptide (PSP)) (8) . Among them, GBP and PSP have been shown to exert the multiple biological activities of larval growth retardation, plasmatocyte-spreading and paralysis (1, 9) .
In insects, blood cells (hemocytes) play a key role in defense against foreign targets such as pathogens and parasites. Once the invading organism is recognized as foreign, it should be rapidly phagocytosed and/or encapsulated by the circulating hemocytes; small targets are cleared by phagocytosis while larger objects are eliminated by encapsulation (10) . A change in the adhesiveness of hemocytes, particularly plasmatocytes, is an important component of the immune responses toward a larger intruder. Attachment of plasmatocytes to a surface and subsequent cellular spreading are essential for the encapsulation process that traps the foreignness inside multicellular capsules (11) . The ENF peptide is the cytokine which can modulate the function of plasmatocytes (1, 9) . PSP, GBP and PP stimulate plasmatocyte spreading and potently by guest on January 1, 2018 http://www.jbc.org/ Downloaded from inhibit granular cell spreading in vitro (1, 9, (12) (13) (14) . Although the cytokine involved in the early immune reactions has been identified, we are still ignorant about the molecular mechanisms controlling the overall process in the cellular immune response. For example, is the effect of the cytokine specific only for early process of the immune reactions? How is the cytokine inactivated after stimulation of plasmatocytes?
To address these questions, we focused our attention upon hemocytes to assess their morphological and behavioral changes under the influence of GBP. We found that GBP-induced lysis of a particular morphotype of hemocytes, oenocytoids. Further, in the lysate, we identified the inhibitory factor against GBP action. Through the characterization of this GBP inhibitory factor, we propose here a novel mechanism by which the action of the insect cytokine is terminated in vivo.
Materials and Methods

Animals
P. separata larvae were reared on an artificial diet at 25 + 1 o C with a photoperiod of 16 h light: 8 h dark. Penultimate larvae undergoing ecdysis between 4 and 4.5 h after lights on were designated as day 0 last instar larvae (3).
Hemocyte preparation and assay
Hemocytes were collected from larvae on day 4 of the last instar (sixth instar) according to the method of Pech et al. Lysis of oenocytoids was observed as follows. Isolated oenocytoids were rinsed twice with 1 ml Ex-cell 400 medium, and the suspension was then dropped on a glass slide coated with 0.1% poly-lysine. After cells had settled on the surface, GBP (final concentration of 0.1 nM) was added and put a cover glass on the cells. Morphological changes of oenocytoids were continuously observed with a phase-contrast microscope (Olympus optical co., Japan) and recorded by a time-lapse video recorder (Victor, Japan). The percentage of oenocytoids lysed during 1 h after adding GBP in an assay was scored by counting 100 cells from a randomly selected field on the recorded tape.
Purification of GBP binding protein
Hemolymph was collected from day 4 last instar larvae into an ice-cold microcentrifuge tube containing 1 ml of anticoagulant buffer (41 mM citric acid, 98 mM NaOH, 186 mM NaCl, Burnette (20) . The transferred peptide fragments of GBP binding protein were sequenced using an automatic protein sequencer (Shimadzu PPSQ-21).
Constraction of hemocyte cDNA library
Total RNA was isolated from whole body of day 1 last instar larvae of the armyworm larvae by the method of Chomczynski and PCR products were subcloned into pBluescript KS(-) (Stratagene) and sequenced using the Thermo Seqenase II Dye
Terminator Cycle Sequencing kit (Amersham Bioscience). All DNA segments were sequenced at least twice in both directions using an ABI PRISM TM377 DNA Sequencing System (Applied Biosystem).
Computer assisted sequence analysis was done with GENETYX-MAC Ver 10.1 (Software Development Co., Tokyo).
BIAcore Analysis
Real time surface plasmon resonance experiments were performed on a BIAcore biosensor X system (Pharmacia Biosensor 
RESULTS
GBP-induced hemolysis in oenocytoids
When hemocytes isolated from the armyworm Pseudaletia separata larvae were incubated with 10 nM GBP, immune cells called plasmatocytes rapidly spread on the surface of the culture plate (1) . During prolonged observation, we realized that another morphotype of hemocytes were lysed approximately 20 min after the initiation of the plasmatocyte spreading (Fig.1A) . They were thought to be morphologically classified as oenocytoids. Since it was reported that oenocytoids contain prophenoloxidase in insect larvae (15, 26) , we confirmed this identification by showing that these hemocytes melanized when incubated in the medium containing Dopa (Fig.1A) . To assess the contribution of GBP to both the activation of plasmatocytes and the lysis of oenocytoids, time course studies were conducted for a 80 min period after exposure to 10 nM GBP. Plasmatocytes were stimulated soon following addition of GBP and, afterward, oenocytoids began to be gradually lysed (Fig.1B) . The lag time between stimulation and lysis of respective cells was interpreted to indicate that the hemolysis could be related to an inhibitory mechanism(s) of the GBP-dependent plasmatocyte activation.
Discovery of GBP binding protein
In order to examine whether oenocytoids release the inhibitory factor against GBP action, we examined effects of the cellfree medium after incubation of oenocytoids on plasmatocytes by adding the medium into plasmatocyte spreading assay system containing GBP (Fig.2A) . The incubation medium showed a dose-dependent capacity to decrease the GBP activity. Further, hemocyte-free plasma possesses a similar inhibitory activity against GBP (Fig.2B) , indicating that the medium as well as plasma could contain the factor that interacts with GBP. These results were interpreted to indicate two possibilities: the oenocytoid-incubation medium and the plasma fraction might contain the factor with a specific binding capacity for GBP, or contain the factor with an effect against plasmatocytes to inhibit their spreading behavior.
We examined the former possibility by trying to identify the GBP binding factor(s). Since prior studies indicated that a 26-amino acid GBP containing a C-terminal biotinylated Lys (Fig.2C ). An analysis of the active peak fraction by SDS-PAGE under reducing conditions yielded a single band that indicates a molecular mass of approximately 49 kDa (Fig.2C) .
Based on the partially characterized primary structures of the purified GBP binding protein, degenerated primers were synthesized. By a combination of primary PCR using these primers and following 5'-and 3'-RACE PCR, GBP binding protein cDNA was isolated and sequenced (Fig.3A) . The deduced 430 amino acid sequence with a molecular mass of 49.5 kDa is a novel protein containing a C-terminal region displaying limited homology to several insect lipoproteins such as 30k-lipoprotein (28) and microvitellogenin (29) (Fig. 3B) . Further, this protein appears not to have a signal peptide and transmembrane domain. These results are consistent with our observation showing that the binding protein was released through hemolysis of oenocytoids by GBP as shown in Fig. 1(A) .
Characterization of binding between GBP and GBP binding protein
The direct and specific binding between GBP and the purified (Fig.4C) . Finally, to analyze how an external stimulus affects both factors, their concentrations were measured in the hemolymph of bacteria-injected larvae. Western blots showed that both GBP and the binding protein were rapidly increased 5 -15 min after the injection (Fig.4D ) and, at this time, a complex formation between both factors was demonstrated by the evidence that the protein immunoprecipitated by anti-GBP binding protein IgG contains GBP (Fig.4E) . Thereafter, both factors clearly decreased from hemolymph within 30-60 min after the bacterial challenge (Fig.4D) . These results were interpreted to indicate that the GBP binding protein could trap free GBP molecules and scavenge them to some extent.
Disribution of GBP binding protein and its mRNA
To investigate the expression site of the binding protein, northern and western blots were carried out. The analysis of total cellular RNAs from various larval tissues showed the presence of the binding protein mRNA only in hemocytes (Fig.5A ).
This result was confirmed by western blotting using anti-GBP binding protein antibody: the positive bands with an apparent molecular mass of 49 kDa were found in hemocytes and plasma (Fig.5A) . To confirm unambiguously which cell type(s) contains the binding protein, immunoelectron microscopy was conducted using the binding protein antibody. As we expected, oenocytoids were labeled most densely among other classes of hemocytes (Fig.5B) , although gold particles were seen at a much lesser density in granular cells (data not shown). These results are consistent with our first observation that GBP binding protein levels rose in the incubation medium during the process of oenocytoid lysis.
DISCUSSION
The present study was focused on the post-regulation of the insect cytokine, GBP, activity, while it is also regulated before exerting its activity. It has been reported that six members of the ENF family are produced as part of a precursor protein, with the active peptide at the C-terminus of the protein (6, 12, (30) (31) (32) . In all ENF peptide precursors GBP and the binding protein form a complex, it is likely to be promptly degraded in hemolymph (Fig.4D,E) . Based on these facts, it is reasonable to expect that this factor would serve as a scavenger protein against GBP. In mammals, it is well known that Although IL-18BP functions as a cytokine inhibitor just as GBP binding protein does, both proteins do not share any structural similarity.
Biological (Fig.1A ,B,2A) and immunocytochemical ( Fig.5.B) experiments demonstrated that the binding protein is released from oenocytoids through the GBP-induced hemolysis. This conclusion was supported by the fact that the amino acid sequence of the binding protein deduced from its cDNA does not contain the signal peptide region. Therefore, it is thought that GBP stimulates two different types of hemocytes to regulate the cellular immunity: the defense reaction is initiated and terminated by stimulation of plasmatocytes and oenocytoids, respectively.
Given that GBP serves to stimulate plasmatocytes as a potent cytokine and that the GBP-induced oenocytoid lyses follow the plasmatocyte activation, it is reasonable to propose that the 
